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STARTING LIMITS OF TURBOJET ENGINES 
By John C. Armetrang and H. D. Wilsted 


SUMMARY 

The possibilities of altitude combustion blow-out or the need of 
additional engines for emergency purposes in multi-power-plant aircrait 
point up the need for rapid, reliable turbojet engines starting at hl^ 
altitudes. As part of the NACA investigation of altitude starting of 
turbojet engines the altitude- starting limits of a production engine 
with an axial-flow compressor and a multiple through- flow combustor were 
determined. The ignition limits, flame-propagation limits, and to a 
leaser extent the acceleration limits of the engine were improved to 
increase the starting limits to relatively high altitude. 

Ignition characteristics were improved primarily by replacing the 
standard induction ignition systems (0.02 joule/spark, 800 sparks/sec) 
with a high-energy capacitance ignition system (3.7 joules/ spark at 
the spark gap, 7 sparks/sec) . The flame-propagation limits of the 
engine were improved by increasing the size of the cross-fire tubes 
Interconnecting the combustors . An Improvement in acceleration char- 
acteristics was obtained by using a variable-area exhaust nozzle to 
increase the jet-nozzle area during engine acceleration. These changes 
produced an increase in the altitude-starting limit of the engine from 

15.000 to 43,000 feet at 0.6 flight Mach number and from sea level to 

47.000 feet at 0.8 fli^t Mach number. 


INTRODUCTION 

The loss of power from the gas-turbine power plant of a single- 
engine aircraft as a res\ilt of combustor blow-out is a hazardous condi- 
tion most likely to occur' at high altitude during violent maneuvers such 
as experienced in combat.- Also, multiengine aircraft that may be flying 
with only part of the engines operative to obtain maximum range may in 
emergency require fiill power from all the engines. In either the restart 
following comb\istor blbw-but or the starting of additional engines, the 
safety of the aircraft and crew may well depend on the ease of restarts 
and the time required to obtain full engine power. Considerable time is 
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consumed. If it becomes necessary to seek a lower altitude or to change 
flight spee.d in order_to start effectively and to obtain full power from 
all engines. It is therefore highly desirable to raise the altitude- 
starting limit of the engine to the maximum altitude operating limit of 
the aircraft over its flight speed range. 

Successful starting of gas-turbine engines with multiple combTistors 
consists of three phases: (l) ignition of one or more of the combustors 

containing ignition devices j (2) propagation of flame from the ignited 
combxzstor or combustors to all the other combustors, and (s) acceleration 
of. the engine from starting to full speed without exceeding the allowable 
temperature of the engine parts and without encountering compressor 
sizrge or stall. Because any one of these factors can limit the altitude- 
starting limits of the engine, it becomes necessary that the altitude 
limits of each be extended to the operational ceiling of the engine. 
Results of fundamental research conducted on the basic processes involved 
in gas-tiirblne-engine _starting, such as flammability limits, minimimi 
ignition energies, and flame propagation, are reported in references 1 
to 7. Application ‘Of these results to single combustor apparatus is 
discussed in references 8 and 9, and the application to full-scale gas- 
turbine engines is presented in. references 10 to 13. 

The present investigation was conducted to obtain effective starting 
of current gas-tuirbine engines to their maximum altitude operating limits, 
which in present-day engines at subsonic flight speeds is generally from 

50.000 to 60,000 feet. The Investigation was conducted in an NACA Lewis 
laboratory altitude chamber over a range of altitudes from sea level to 

57.000 feet— at flight Mach numbers from 0.2 to 1.2 with an axial- flow 
turbojet engine having through- flow can- type combustors. Data are pre- 
sented to indicate the best configurations and techniques for ignition, 
flame propagation, and engine acceleration. Included are the effects 
of spark-gap location, spark- repetition rate, spark energy, and flight 
Mach nimber on altitude- ignition limits; the effects of cross-fire- tube 
diameter and location, fuel volatility, fuel and air temperatures, and 
type of fuel nozzle on altitude limits of flame propagation; and the 
effect of jet-nozzle area on altitude-acceleration limits. A portion 
of these data were reported in a preliminary report (reference 14) cov- 
ering the early part of this investigation. These data are Included 
herein together with more recent data to provide a complete report of 
this eiltltude- starting investigation. 


APPARATUS 

Engine 

The turbojet engine used in this investigation has an axial- flow 
compressor, eight cylindrical through- flow ..combustors, and a single- 
stage turbine. The engine diameter is 43 inches and the individual 
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combustors have maximum diameters of 9^ inches, providing a combustor 

o 

area equal to nearly 37 percent of the engine frontal area. The ignition 
system is an induction- coll- type system producing 800 sparks per second 
of 0.02 joule per spark. Spark plugs are installed in only tvo of the 
combustors. Ignition in the other combustors depends on transporting 
the flame from the combustors having spark plugs to the remainder of the 
combustors throu^ cross-fire tubes interconnecting the combustors. The 
cross-fire tubes are 7/S inch in diameter. 

The engine has a nominal thrust rating of 5000 pounds, and its 
perfomnance and starting characteristics are typical of present-day 
axial- flow compressor, tubular- combustor turbojet engines. 


Installation 

The engine was mounted in an altitude chamber 10 feet in diameter 
and 60 feet long, schematically shown in figure 1. Screens and air- 
straightening vanes are installed upstream of the test section to provide 
a flat velocity profile to the engine inlet. The forward bulkhead sep- 
arates the inlet air from the exhaust section and provides a means of 
maintaining a pressure difference across the engine. The rear bulkhead 
seirves as a radiation shield and prevents the recirculation of exhaust 
gases about the engine. The exhaust gas from the jet nozzle was dis- 
charged into an esdiaust diffuser and thence throu^ coolers, control 
valves, and exhausters to atmosphere. 


Instrumentation 

Pressure and temperature instrumentation was installed before and 
after each component of the e3agine as shown in figure 2. The instru- 
mentation used in this investigation was as follows: At station 1, 

eight total-pressure probes and eight thermocouples on equal areas were 
used in setting engine ram pressures and temperature. At station 5, 
two wall static-pressure orifices were used to obtain combustor static 
pressiores. At station 6, eigfcit probes (one in each combustor) measured 
total pressure and temperature at the combustor outlet; the thermo- 
couples were used to determine the sequence of ignition of the combustors. 
At station 8, four thermocouples were averaged and used as limiting 
temperature measurements during the engine-acceleration investigation. 

The exhaust pressure or altitude settings were made with two statlc- 
press;ire tubes attached to the lip of the jet nozzle. Also, in each of 
the cross-fire tubes joining combustors 1, 2, and 3, two total-pressirre 
tubes were Installed pointing in opposite directions along the cross- 
fire-tube axis, ^ese pressure meas\irements were used to determine the 
direction of flow in the cross-fire tubes during the investigation of 
flame-propagation limits. 
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Experimental Variables 

The variables Investigated during. this altitude-starting investiga- 
tion are described in table I. 

Fuel and fuel systems . - The fuel used throu^out most of this 
investigation W£is a low-volatility experimental fuel having a 1 pound 
per square inch Reid vapor pressure. In order to determine the effects 
of fuel volatility on ignition and flame-propagation limits, a fuel with 
a Reid vapor pressTore of 6.2 pounds per square inch was used. The fuel 
inspection data for these two fuels are tabulated in table II. 

A schematic diagram of the fuel system used is shown in figure 3. 

The cooler in the bypass system permitted adjustment of fuel temperatures. 
A pres sure- regulating valve upstream of the throttle replaced the standard 
engine fuel controls so as to provide more sensitive control of fuel flows 
at the low fuel rates required for starting. Fuel temperature was 
measured by an Ironr constantan thermocouple in the fuel line downstream 
of the cooler and checked under stating flow conditions by another 
thermocouple mounted Jxist upstream of the fuel distributor. Although 
duplex fuel nozzles were standard aqiiljanent for the engine, a set of 
variable-area fuel nozzles and a fuel distributor- were used d\irlng the 
early phases of the investigation in an attempt to improve the fuel 
atomization and to provide , equal fuel distribution to the combustors. 

Even with this system the results were often difficult to reproduce when 
cold fuel was used. This difficulty was attributed to excessive friction 
of moving parts of the nozzle; therefore, the variable-area fuel nozzles 
were replaced with small simplex fuel nozzles (5 gal/hr tips) which 
produced more consistent spray patterns and atomization and improved the 
reproducibility of the starting data. The simplex fuel nozzles were 
used througliout the high- spark-energy phase of the investigation. The 
fuel nozzles used in each phase of the investigation are indicated in 
table I and on each figure presenting research results. 

Ignition systems . - The. standard engine ignition system, schematically 
represented in figure 4(a), was an induction- type ignition source which 
discharged 800 sparks per second at approximately 0.02 Joule per spark 
through A.C. F-67 spark plxigs. In order to .determine the effects of 
spark energy and spark- repetition rate on ignition limits, the high-energy 
capacitance- type ignition system shown diagrammatlcally in figure 4(b) 
was constructed. For this investigation, the voltage Indicated by the 
peak vollaneter was held constant at 10,000 volts. Spark plugs used with 
this ignition systan were of two types (l) standard A.C. F-19. spark plugs, 
and ( 2 ) opposed spark plugs. The opposed spark plugs consisted of two 
electrodes spaced 140° apart and Installed so as to provide a 0.11- inch 
gap located on the center line of the combustor 5 inches downstream of 
the fuel-nozzle tip. Originally the electrodes were constructed from 
3 / 16 -lnch heavy wall stainless-steel tu.btng, but these were later replaced 
with 3 / 16 -lnch Inconel zod to retard erosion and the . consequent widening 
of the spark gap. 
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For comparative purposes, a second capaclteince-type ignition system, 
■wMeh was "being developed commercially, was investigated. This unit was 
operated at four, spark- energy levels at 4 to 7 sparks per second and at 
a spark potential of 1000 volts. The spark plugs used with this system 
were A.C. F-19 pliJgs. 

Spark-energy measurements . - The values for spark energy released 
and repetition rate for "both the induction and low-voltage commercial 
systems were supplied by the manufacturer. Determination of spark energy 
for the hl^- voltage capacitance system was initially calculated by 
using the known capacitance of the condensers and the voltage as indicated 
by the peak voltmeter shown in the circuit diagram of figure 4(b) . How- 
ever, these measurements were foimd to be in serious error, because the 
condensers apparently did not completely discharge, and there were appre- 
ciable losses in the ignition harnesses and connectors. In order to 
determine the energy dissipated at the spark gap, a calorimeter was 
developed that may provide a standard means of measuring spank energy 
at the spank gap. A schematic diagram of the calorimeter is presented 
in figure 5. Beca\ise the measurement of electric surges of short duration, 
such as a condenser discharge into a spark gap, was difficult to measure 
by voltage and amperage, a comparison was made of the heat output of the 
spark discharge with that of a heater coil where the electric power inputs 
did not surge and were simple to' measure. The spark was contained in a 
well- ins vilated container of extremely low heat capacity (fig. 5(a)), 
where the heat output of the spark was indicated by a resistance ther- 
mometer. The indication of the resistance thermometer was duplicated by 
the heat output of a heater coil where the power input was measured by a 
wattmeter (fig. 5(b)), thvis deteimlnlng the power input of the spark from 
the measured power input to the heater coil. The heater coil was made of 
Manganln wire to reduce the variation of power input that would accompany 
any change of coll resistance caused by a temperature change. In order to 
obtain more accurate spark- energy measurements, especially at low energy 
levels, the heat capacity of the calorimeter was kept to a low value. Thus 
instead of using standard plugs in the calorimeter, l/2-inch lengths of the 
center electrodes were connected to the ignition leads so as to form a 
\miform gap of 0.11 inch. All measurements made by the calorimeter were 
obtained at approximately sea- level pressure and temperature. 


FROCEDUEE 

Ignition 

As was shown in the tabiilation of experimental variables, two pro- 
cedures were used in obtaining engine altitude-ignition limits. Primarily 
these procedures were associated with the method of throttle manipulation 
during an attempt to obtain ignition. 
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Variable- throttle Ignition . - With variable- throttle ignition, the 
altitude pressure -was set^n the exhaust portion of the. altitude chamber, 
£Lnd compressor- inlet pressure and temperature were adjusted to simulate 
a particular flight speed assuming, a IQOrperc.ent .ram-pressure recovery 
to the engine. The fuel circulating through the fuel cooler was adjusted 
to equal the compressor- inlet-air temperature. The engine windmilling 
speed was stabilized and the engine windmilled freely at the desired 
compressor- inlet temperature for approximately 2 minutes to allow the 
temperature of engine parts to stabilize. . Then tlie ignition was switched 
on and the throttle slowly opened until ignition was obtained or until 
a fuel flow sufficient to ensure a mixture well above stochiometric in 
the combustion zone was obtained, after which the throttle was slowly 
closed. The entire throttle manipulation was timed in order to complete 
the cycle in 3Q seconds , at which time the ignition was automatically 
cut off. Although this method was simple and gave reasonably reparoducible 
resiilts, it was not parti cxilarly adaptable to an aircraft automatic control 
system, in which it would be desirable to have a simple schedule of fixed 
flow rates for each flight condition. 

Fixed- throttle ignition . - In order to simulate more accurately 
starting with an automatic control system, near optimum fuel flow was ‘ 
determined for altitudes above 35,000 feet. These fuel flows were then 
fixed for each flight condition as pso^t of the starting procedure. The 
fixed- throttle starting procedure consisted of establishing altitude and 
ram pressures and engine- inlet air and fuel temperatures as before. The 
fuel was then set at the predetermined fuel flow and the ignition turned 
on for 30 seconds. With each starting system, several-attempts were 
made to obtain ignition at each simulated fll^t condition. The flight 
condition was designated as ein Ignitable flight condition only if ignition 
was established for each of the several attempts to obtain ignition. The 
altitude increments investigated varied from 2000 to 5000 feet. 


Flame Propagation 

The flame- propagation phase of the investigation was carried out by 
going throu^ a normal ignition procedure and noting the sequence of 
flame propagation on the gages, connected-tc, the thermocouples in each 
combiistor exit. Unless all burners were ignited within 30 seconds, flame 
propagation was considered incomplete. 


Acceleration 

The time required for acceleration was determined by going throu^ 
a normal starting procedure, completely igniting all burners, and then 
manipulating the throttle to hold limiting tail-pipe temperature as near 
as possible. The acceleration time was taken as the time from the instant 
flame propagation was complete to all burners until 75 percent of rated 
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speed was reached. Engine speed was limited to about 75 percent of rated 
speed by the flow rate of the simplex fuel nozzles used during the ma^or 
portion of this investigation. 


RESULTS AND DISCUSSION 

As pointed out earlier, a complete start of a multlcombustor 
turbojet engine is composed of three distinct phases, namely; (l) estab- 
lishing ignition in the combustors having ignition sources such as spark 
plugs, ( 2 ) propagation of flame from the ignited combustors to the 
remaining combustors through the interconnecting flame tubes, and 
( 3 ) acceleration from the starting engine speed to a useful speed. The 
altitude limits for each phase of the altitude start are shown in fig- 
ure 6 for the engine in the standard configuration, except that variable- 
area fuel nozzles were used in place of the standard duplex nozzles. 
Acceleration of the rotor in an arbltiarily selected maximum time of 
1 minute restricted altitude starting to 14,CXD0 feet at a flight Mach 
number of 0.20. As flight Mach number was Increased, the starting limit 
increased to 29,000 feet at a flight Mach number of 0.41. At flight 
Mach numbers greater than 0.41 failure to obtain ignition Imposed the 
limiting altitude at which a start could be made and reversed the trend 
exhibited by the acceleration limit; until at a flight Mach number of 0.8, 
starting was limited to sea- level conditions. The rapid decay of the 
altitude- ignition limit as flight Mach number increased was attributed 
to the increased air velocity through the combustor which accompanied 
an increased windmilling engine speed. The flame-propagation limit was 
high enough (30,000 ft) to exceed either the ignition or acceleration 
limits at all flight Mach numbers and therefore did not restrict engine 
starting. Nevertheless, if the altitude- starting limit is to be raised 
to an altitude of about 50,000 feet, which is near the altitude operating 
limit of most current engines, then all three phases of the engine start 
must be improved. 


Altitude Ignition 

Such factors as combustor configuration, operational conditions, 
and fuel properties, which affect ignition in gas-turbine engines, have 
been Individually investigated (references 1 to 13). From these investi- 
gations the following criteria for good combustor ignition characteristics 
have evolved: (l) high pressure and temperature and low velocity in the 

ignition zone; ( 2 ) a fuel- vapor to air mixture near stoichiometric in 
the spark-plug gap, which requires both a relatively volatile and well- 
atomized fuel; ( 3 ) absence in the ignition zone of large quantities of 
liquid fuel that tend to quench any initiated combustion; (4) a well- 
formed spray pattern over the starting speed range and under the lowest 
fuel temperatures likely to be encountered; and (5) sufficient spark 
energy for ignition at the existing pressure, temperature, and velocity 
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conditions. The application of these Qrlterla to Improvement of the .: 
altitude- ignition limit of the engine whose altitude- starting llml1:r^s 
shown in figure 6 is described in the following paragraphs. 

Effect of fuel Volatility . - In view of the need of vaporized 
fuel for ignition, it woiild be_ expected that when fuel volatility is 
increased, with the consequent increase in evaporation rate, the fuel- 
air mixtixre would generally be less difficult to ignite.; The Improvement 
in altitude-ignition limit when the fuel volatility was increased from 
1.0 to 6.2 pounds per square inch Reid vapor pressiire is shown in fig- 
ure 7. At a flight Mach number of 0.4, the increased fuel volatility 
increased the altitude limit by 15,000 feet. At hi^er' flight Mach 
nmbers the improvement was less significant. 

A highly volatile fuel, however, leads to additional problems in 
flight j: for unless the fuel tanlts are pressurized, a large percentage 
of the fuel can be lost by boiling off the more volatile fuel fractions 
at the low pressiores existing at altitude,. This loss not only reduces 
aircraft range, but the advantage of the more volatile fuel is lost as 
the more volatile fractions boil away. For this reason there is at 
present a trend towards less volatile fuels for turbojet engines; and 
in order to cover the more adverse conditions for starting, the 1 pound 
per square inch Reid vapor pressure fuel .^was used throughout the remainder 
of the investigation. 

Effect of fuel and air temperatures . - Because the rate of evapora- 
tion of fuels decreases with decreasing temperature, a reduction in 
fuel ajid air tempefa'txires would be expected to lower altitude-ignition 
limits. The effects of independently varying fuel and-engine inlet-air 
temperatures at a flights Mach nimibef of 0.6 are shown in figure 8. As 
either fuel or air temperature was decreased, there was a progressive 
decrease in altitude-ignition limit. A reduction in fuel temperatvire 
from 30° to -2° F generally reduced the altitude- tuition limit less 
than 5000 feet; but when the fuel temperature was reduced to -30° F, a 
ve27y abrupt lowering of the altitude limit was found with engine inlet- 
air temperature lower than 0° F. This abrupt reduction in altitude limit 
was first believed to result from a deterioration of atomization as the 
fuel viscosity Increased. The fuel ^scosity increase, in tiim, resulted 
from the lowered heat transfer from the fuel to the fuel nozzle at the 
lower air temperatiires . The higher viscosity would tend to reduce the 
energy in the fluid stream available for atomization; furthermore, the 
cold fuel nozzle mi^t cause binding of the moving parts. A subsequent 
visual examination of the spray cone on the flow bench, with cold fuel, 
however, did not reveal any differences in spray pattern. Additional 
evidence that the nozzle was operating satisfactorily was found in that 
at sea-level static conditions ignition was obtained with fuel and air 
temperatures as low as -50° F (the limit of the refrigeration system for 
the air flows required). It is concluded that fuel- spray pattern and 
nozzle binding were hot responsible for the abrupt drop in ignition limit. 
In all probability, ignition was of a borderline nature and at the lower 
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fuel and air temperatures and resultant lover vaporization rates, the 
hi^ air velocities throu^ the combustor at the 0.6 fllgsht Mach number 
svept the vaporized fuel from the combustor before an ignitable fuel- 
vapor and air mixture coiild be established. At sea-level static con- 
ditions, the longer residence time (lover air velocity in the combustor 
at engine cranking speeds) alloved the establishment of a combustible 
fuel-vapor and air mlxbure vhlch is ignitable at the existing pressure 
level in the combustor. 

Effect of spark-gap iTnmersion . - Injection of liquid fuel in the 
form of a hoUov cone into the engine combustor results in a very strati- 
fied fuel-air mixture. If the spark electrodes are directly in the 
liquid fuel stream, ignition is difficult becaiise of the quenching action 
of the fuel. If the spark electrodes are too far from the fuel-spray 
cone, the mixture may be too lean for ignition. In order to explore 
this effect, the spark pliig was moved both fore and aft of its standard 

location. In the nominally 7-^ inch-diameter combustor liner, the spark 

gap was 2 inches downstream of the fuel-nozzle tip and penetrated into 
the liner far eno\i^ to be" Just inside the nominal fuel-spray cone 
of 120°. With the spark plug moved farther upstream into the combustor 
dome and with the spark gap outside the fuel-spray cone, the altitude 
Ignition was much poorer than in the standard location. When the spark 
plug was moved 2 inches farther downstream, starting was better than it 
was with the dome location but .not as good as with the standard location. 
At the standard location, the spark gap wan progressively Inserted 
radially into the combustor until the combustor center line was reached 
(reference 14). Each increased increment of immersion appreciably 
increased the altitude- Ignition limits. In the present investigation 
the spark electrodes were lengthened to move the spark gap to the center 
line of the combustor, and the improvement in altitude-ignition limit is 
shown in figure 9. At fli^t Mach numbers of 0.4 and below, there was 
no Improvement in altitude limits; but at the hl^er flight Mach numbers, 
appreciable improvements were obtained. At 0.8 fli^t Mach number, 
moving the spark gap to the center line of the combustor raised the 
altitude- ignition limit from about sea- level conditions to 20,000 feet. 

This improvement may indicate that at the low flight Mach numbers 
fuel vapor was present in sufficient quantities at both locations becatise 
of the relatively low air velocities in the combustor. At the higher 
flight Mach numbers the fuel vapor was swept away from the spark gap 
by the higher combustion- chamber velocities at the standard location; 
whereas , it was afforded a more sheltered region for fuel- vapor accumula- 
tions and ignition at the center location. 

Effect of spark energy . - It would be expected that deficiencies 
in atomization, vaporization, and in fuel-vapor and air mixture, or 
excessive velocities or low temperatttres could be partially overcome by 
Increased spark energy. The high-energy capacitance ignition system 
shown in figure 4(b) was therefore constructed to investigate the 
effects of spark energy on altitude ignition. The capacitance- type 
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Ignition unit allowed- an Increase of several hundred times the energy 
per spark obtainable from the standard Induction- type Ignition unit. 
Obviously, to construct an induction- type ■unit to produce the same 
energy per spark would require a unit many times the size and weight of 
the capacitance system. 

In the early phase of the high-energy Ignition investigation, results 
were quite erratic. In order to Improve reproducibility, the variable- 
area fuel nozzles were replaced with 5-gallons-per-hour-tip simplex fuel 
nozzles, as it was thought that the moving pants in the variable-area 
nozzles might be sticking under the cold altitude- starting conditions. 

Some difficulty was also experienced with arcing in the-standard spark- 
plug cable connectors. Two sjaark plugs containing only center electrodes 
were then Installed in each of the two igniting combustors. They were 
placed about 140° apart in the combustor shell, so that the electrodes 
came together in the center of the combustor to form the spark gap. The 
"hot" ignition lead was then soldered to the center electrode of one 
plug, and the other electrode was grounded. The soldered Joint was 
covered with Saran tubing filled with a silicone compound to prevent 
corona losses. These changes improved the reproducibility. With this 
configuration, the spark-energy output . required for ignition as altitude 
was Increased is shown in figure 10 for a constant flight Mach number 
of 0.6. The altitude-ignition limit Increased rapidly from 35,000 feet 
at 0.23 Joule per spark to 4=5,000 feet at 0.5 Joule per spark. Approxi- 
mately 1.4 Jo^lles per spark appeared necessary to obtain ignition at an 
altitude of 50,000 feet. Any further altitude Increase appeared quite 
difficult to realize, for it was not possible to obtain ignition at 
55,000 feet with the highest available spark energy (about 3.7 J)- 

For comparison, the altitude- ignition limits of— the standard 
induction-type ignition system with both the standard and fully immersed 
spark-gap locations are shown in figure 9 to be 15,000 and 25,000 feet, 
respectively. This comparison is of particular interest. Inasmuch as 
the standard induction system with 800 sparks per second and 0.02 Joule 
per spark or 16 watts (800X0.02 = 16 J/sec » 16 w) provided ignition to 
only 25,000 feet as compared with 50,000 feet for about" 1.4 watts from 
the capacitance ignition system. This comparison indicates the possi- 
bility of a 25, 000- foot— improvement in ignition limit, if the low spark 
energy were increased at the expense of the high repetition rate. 

Effect of spark-repetition rate on power required for ignition . - The 
effect of spark- repetition rate- on the spark energy required to provide 
ignition at an altitude of 50,000 feet at a flight Mach number of 0.6 is 
shown in figure ll(a) . At a spark- repetition rate of 1 spark per second 
these data indicate that 2.14 Joules per spark are reqtilred to produce 
ignition. However, the large increments of spark energy (l.03 to 
2.14 j/spark) imposed by the condensers built into the hl^-energy 
ignition system did not pemnit acciirate determination of the energy 



NACA EM E52I03 


11 


required for ignition. Extrapolation by several different methods showed 
that ignition covild be obtained at the 50,0(X)-foot 0 . 6-Mach- number con- 
dition with approximately 1.4 joToles.per spark at 1 spark per second 
(fig. 11(a)). These values are also in agreement with the data of fig- 
lare 10. "When spark- repetition rate was increased to 188 sparks per 
second, the energy required for Ignition decreased to 0.34 Joules per 
spark. The predominant effect of spark energy is evident from the 
188:1 increase in spark-repetition rate required to offset a 4:1 decrease 
in spark energy. 

The advantage of low repetition rate is more forcibly demonstrated 
in terms of the power required for ignition (fig. 11(b)). Of course, 
power requirements should be kept low to keep the battery drain to a 
minimum. At a spark-repetition rate of 188 sparks per second, the power 
required to establish ignition was 62 watts, whereas only 1.4 watts 
were required at 1 spark per second. It is therefore apparent that use 
of a combination of high spark energy and low repetition rate will pro- 
duce Ignition for the mini mum expenditure of power. 

The advantage of the high energy - low repetition rate combination 
is undoubtedly a result of the high concentration of energy, which can 
locally vaporize fuel, overcome the disadvantage of nonideal fuel-vapor 
and air mixtures, and establish a sufficiently strong flame front to 
propagate to all parts of the burner. 

Comparison of performance of two hi^-energy ignition units . - The 
advantage of high-energy - low spark-repetition- rate Ignition units has 
been shown. Obviously there are many details of desl^ that can be 
varied. In addition to the NACA-designed high-energy system, a unit 
being developed commercially was made available to the KACA; and the 
performance of these two units was compared. The commercial develojmient 
unit used a low-energy 15,000-volt spark to ionize the spark gap, and 
after the gap was ionized the high-energy spark was discharged at about 
1000 volts. Several condensers which were available for this unit allowed 
spark-discharge energies from 1.24 to 4.75 .Joules per spark. The sparking 
rate was controlled by a sealed spark gap that provided approximately 
7 sparks per second and discharged through a standari A.C. P-19 spark 
plug. The 10, 000- volt KACA unit (schematically shown in fig. 4(b)) was 
also adjvisted to produce 7 sparks per second but was discharged through 
the 3 /l6- inch- diameter electrodes with the spark gap located at the 
center of the combustor. A comparison of the performance of the two 
units is presented in figure 12. At the lower spark energy, 1.24 JoTiles 
per spark, of the unit being developed for commercial p\arposes, ignition 
was possible to 42,500 feet; whereas the 10,000-volt or high-voltage 
unit provided Ignition to 50,000 feet with the same spark energy. The 
advantage of the high-voltage system over the commercial system is 
attributed to the center-of- combustor spark-gap location. However, at 
the higher spark energies, the commercial system produced ignition limits 
equal and possibly superior to those of the high-voltage systems. 
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Because of the effects of spark-gap location and spark- electrode 
size, a direct comparison of the two ignition systems is impossible. 
However, with either system with- spark energies of about 3.7 joules per. 
spark and at 7 .sparks p>er second^,. , ignition was pos.slble to. 53,000 feet 
under the quite adverse conditions imposed by use of a cold low volatile 
fuel and a relatively high flight Mach member... 


It is of Interest that early in the progreim, altitude ignition was 
obtained to an altitude of 60,000 feet at a flight Mach number of 0.6 
with 3.7 joules per spark at 7 sparks per second. The 60,000-foot 
ignition was obtained with 3 /l6- inch- diameter heavy wall Inconel tubing 
as the electrodes. The rapid erosion of the tubing greatly reduced system 
reliability, and the tubing was replaced with 3/l6-inch rod, which 
resulted in the lowering of the ignition limit to 53,000 feet. 

Effect of flight tfeich nxmiber . - It has been shown that with the 
standard- engine low-ehergy sj^fk system the effect of increasing flight 
Mach number was to decrease rapidly the altitude at which ignition could 
be obtained, and that at 0.8 flight Mach number ignition was not possible 
except at sea- level conditions. Moving the spark gap to the center of 
the combustor raised the ignition limit from sea level to 20,000 feet. 

The erfect of flight Mach number with the hl^-energy system (l0,000 v, 

3.7 j/spark, 7 sparks/sec) is shown in figure 13. The characteristic 
decrease in altitude-ignition limit is again apparent as fll^t Mach 
number was increased from 0.4 to 1.0. At fli^t Mach number of 0.4, 

0.6, 0.8 and 1.0 the corresponding altitude limltBrw^e SSJ^OOO, 53,000, 
47,000 and 46,000 feet; respectively. As flight Mach number was 
increased from. 1.0 to 1.2, the altitude-ignition limit rose rapidly 
from 46,000 to 56,000 feet. This improvement was a result of rapidly 
increasing combustor pressure and temperature, which overcame the adverse 
effects of hl^ air velocities and high turbulence. 

The reversal in trend of the Ignition limit with Increasing flight 
Mach number is important, for it shows that the hi^ subsonic inter- 
ceptors and bombers will have the greatest difficulty obtaining ignition 
when there is combustor blow-out or when additional engines are to be 
started to increase flight speed. On the other hand, it is apparent that 
engines of this type will be more easily ignited at“supersonlc flight 
speeds than at subsonic speeds. 

Effect of ignition harness and connectors . - Data thus far considered 
have shown that the most efficient systsn for providing ignition to 
altitudes up to 50,000 feet woiild have a low spark- repetition rate and 
a high spgo^k energy of 3 to 5 joules per spark in the spark gap. In 
order to provide the required spark energy at the spark gap, system losses 
must be carefully considered. Of particular Interest are the large losses 
inherent in the ignition harness and its connectors. As previously 
mentioned, the ignition harness supplied with, the engine proved unsatis- 
factory when high-energy capacitor discharges were Introduced into the 
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heimess because of losses encountered in both the connectors and the 
cable. The losses In the connectors vere a resiilt of hi^ electric 
resistance of the parts and the presence of coirona at hl^ altitude. 

The connectors were filled with a silicone compound to eliminate air 
spaces around the hl^-voltage electric conductors and thus prevent 
corona. But the design of the connectors was hot conducive to easy- 
purging of the air spaces, and air pockets frequently existed. Thus 
corona losses reduced -the spark energy at the spark gap^ and in some 
cases the silicone compound apparently decomposed and short-circuited 
the spark plug, which prevented further discharges at the spark gap. 

The shielded cable also Introduced large losses as a result of high 
electric resistance. In order to determine the magnitiide of the resist- 
ance losses, a standard 3-foot cable -wi-bhout connectors -with a resistance 
of approximately 1.2 ohms and a special 3-foot cable of O.CX>7 ohm were 
compared by means of the calorimeter shown in figure 5. Power was 
supplied by a capacitor charged -to 1000 volts and discharged once each 
second. The energy meas-ured at the spark gap -with the standard cable 
was 1.2 joules per spark, while 4.8 jo-ules per spark were obtained when 
the special cable was used. Additional losses would have occurred if 
the s-tandard connec-tors had been used, because the • spring contactors 
on the cigarette tips each have a resistance of approximately 0.2 ohm. 
Thus the spark energy available at the spark gap may be .more than quad- 
rupled if the standard ignition harness is replaced by harness of low 
electric resistance. 


Flame Propagation 

After ignition is established in one or more combustors con-bainlng 
Ignition devices, the second phase of a successful s-bart is to obtain 
propagation of flame from the ignited "to unignlted comb\is-tors throu^ 
the interconnecting cross-fire tubes. 

In order to gain a better unders-bandlng of the flow conditions 
involved in flame propagation, two cross-fire tubes in one combustor 
were Instrumented as shown by the sketch in figure 14. The differential 
of t-wo -total-pressure probes located in each tube was traced on an 
oscillograph so that a positive -value represented flow from the ignited 
-to the unignlted combustor, while negative values indicated the reverse. 
A tracing of the oscillograph data of an attempted s-bart at 45,000 feet 
and a flight Mach nuimber of 0.6 is sho-wn in figure 14. The Initial 
outlet temperature -was the same for each burner, but the traces have 
been separated for clarity. Because the spark plug -was located in 
combustor 2, the first indication of temperatTore rise occ-urred in com- 
bustor 2 and at approximately 0.9 second after energizing the Ignition 
system. At the same time a velocity in cross-fire tubes A and B from 
combustor 2 into combustors 1 and 3, respectively, -was indicated on the 
oscillograph trace. After 8 seconds had elapsed, the discharge -tempera- 
ture from combustor 2 and the velocities in both cross-fire tubes had 
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gradually increased to considerably higher values. It is therefore 
evident that the flow through the cross-fire tubes is established as a 
resvilt of ignition in a particular combustor ■which gives a small rise 
in pressure level in the ignited combustor. The pressure differential 
between the Ignited combustors and unlgnlted combustors resTilts in the 
flow of ignited gases through the cross-fire tubes to Ignl-be the adjacent 
combustors . 

Referring again to. figure 14, combustor 1. ignited after approximately 

9 seconds, at which time the velocity in t\ibe B again increased; but 
because the pressure. was nearly equalized between combustors 1 and 2, 
the velocity in cross-fire tube A decreased essentially to zero. .After 

10 seconds combustor "3 Ignited, and the velocity through cross-fire 
tube B -was also reduced to nearly zero. If "the traces had been con- 
tinued for several minutes to allow the temperatiares to equalize in all 
three combustors, the velocity, through cross-fire tiibes A and B ■would 
have been entirely eliminated. 

The gases flowing thrbiigh the cross-fire tubes ob^vlousiy must be 
capable of supporting combustion, and the success of the flame-propagation 
process is therefore subject to the mixture and quenching ■variable pre- 
viously discussed in connection ■with ignition. It has also been sho^wn 
in laboratory tests that the flammability limits of a mixture are greatly 
influenced bjr-the quenching action of cold wadis of small tubes (ref- 
erence 7). Because the cross-fire tubes ■were only 7/8 inch in diameter 
in the engine used lu this investigation, and the altitude propagation 
limited to only 30,000 feet (fig. 6), cross-fire- tube dlame^ter ■was 
investigated as a means of raising the altitude- propaga^tion limits of 
the engine. 

Effect of cross-fire-tube diameter . - The cross-fire-tube diameters 
were increased from the standard engine 7/8- inch diameter to and then 
to 2 inches in diameter. The altitude flame-propagation limits for these 
configurations are shown in figure 15 for a range of flight Mach numbers. 
The Increase in diameter from 7/8 to 1^ inches increased the altitude 
limits at flight Mach numbers of 0.4r to 0.8 from 30,000 to 45,000 feet. 
Increasing the cross-fire- ■tube dlame^ter to 2. inches resulted in success- 
ful propagation to the maxlm^um altitude at which ignition ■was obtainable, 
55,000 feet. These propagation limit s_ were .^b^tained, ho-weyer, by con- 
siderable throttle manipulation ■with flame propagation usually being 
obtained by reducing fuel flow momentsirlly to a nearly closed thro^ttle 
condition. Such a manipulation does loot lend Itself to automatic starts 
Ing systems, however, and an additional investigation should be made to 
determine the propagation limits ■wi^th large cross-fire tubes and the 
same fuel flo^ws as required for ignition. 

Effect of cross-fire- tube location . - Cross-fire- tube diameter has 

been sho^wn to have a major effect on al titude- p rop a g a tion J-lmlts. It 

wotild be expected, alsb, tiiat the location of •the cross-fire ■tubes -with 
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respect to fuel- spray path, and combustor flame front could also be 
critical. The results of an investigation of axial location of the 
cross-fire tube is shown in figure 16. As the 2-inch-diameter cross- 
fire tube was moved from the standard engine cross- fire- tube location 
(5 in. downstream of the fuel-nozzle tip) to 7.5 and 10 inches downstream 
of the fuel-nozzle tip^ there was a progressive drop in propagation 
limits from about 55^000 to an average altitude of 45,000 feet. In an 
earlier Investigation the cross-fire tubes had been moved up into the 
combustor dome, where it was found that flame propagation was impossible 
at any altitude apparently because of a complete absence of flame near 
the liner wall in this region. In the Scinch combustor under investiga- 
tion and with a fuel nozzle having a nominal fuel- spray cone angle of 
120°, it is concluded that the 5- inch location is near optimum for hi^- 
altitude propagation. 

Effect of fuel atomization and fuel volatility . - The requirement 
of a near stoichiometric fuel-vapor and air mixture with a minimum of 
unvaporlzed fuel for rapid intense flame propagation points to the 
importance of fuel volatility and atomization as probable factors in 
the flame- propagation adtltude limits. The effect of fuel volatility 
is shown in figure 17, where the Increase in Reid vapor pressure from 
1.0 to 6.2 pounds per square inch increased the propagation limit by 
about 5000 feet when the 7/S- inch- diameter cross-fire tubes and duplex 
fuel nozzles were xised. Tlae effect of atomization was qualitatively 
Investigated by comparing propagation limits with duplex fuel nozzles, 
variable-area fuel nozzles, and 5-gallons-* per-hour- tip simplex fuel 
nozzles (fig. 18). The difference in propagation limit was small, with 
the different nozzles, and in no case was there a difference in flame- 
propagation limit greater than 5000 feet. 

The primary factors in providing a reliable hl^-altitvide flame- 
propagation system therefore appear to be the use of large- diameter 
cross-fire tubes, which undoubtedly should be as short as possible to 
keep quenching effects to a minimum, and the proper location of the 
cross-fire tubes with respect to the fuel-spray pattern and the flame 
front. 


Engine Acceleration 

Effect of altitude and fli^t Mach number . - The third phase of a 
successful engine start is the acceleration of the engine rotor from 
the speed at which flame propagation was accomplished to normal operating 
speeds. At sea- level or low-altitude conditions the margin of turbine 
power for rapid acceleration is designed into the engine. At hi^ 
altitude, where the compressor- inlet-air density may be as low as one- 
tenth that at sea level, the tiirbine power will have decreased by about 
the same ration whila at the same time the inertia of the rotor masses 
to be accelerated has not changed. A large increase in the time required 
to accelerate the engine to a normal operating speed may then be expected. 
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Figure 19 indicates that there is a rapid increase in time required to 
accelerate the engine to 75 percent of maximum speed as altitxide is 
increased. For example, at 0.6 flight Mach number the time required for 
acceleration . increases from 1.1 to 6 minutes as altitude is Increased 
from 45,000 feet to 54,000 feet. 

Increased fllgjit Mach number, however, has a very favorable effect 
on acceleration. With the higher pressure ratio across the engine at 
hi^ flight Mach numbers, the Initial or engine windmilling speed is 
much greater and requires a smaller speed increase, in. the acceleration 
phase of the start. At an altitude of 47,000 feet (fig. 19), the time 
required for acceleration was reduced from 5 minutes to 0.9 minute as 
flight Mach number \mS increased from 0.4 to 0.8. Time required for 
acceleration at altitude can then be reduced by diving the airplane to 
increase flight Mach nimiber. 

Effect— of variable-6irea nozzle . - The time required for engine 
acceleration at high altitudes is extremely long, and requiring the pllot^ 
to dive the aircraft to reduce engine acceleration time is often imprac- 
ticable. Since it appears impracticable to reduce greatly the inertia of 
the engine rotor, the only simple method of reducing acceleration time 
is to Increase the power obtainable from the turbine. Since turbine- 
inlet gas temperatiires cainnot be Increased because of material limita- 
tions, it is necessary to increase the pressure drop across the turbine 
by means of a variable-area jet nozzle. The effect of increasing the 
jet-nozzle area 40 percent is shown in figure 20. At an altitude of 
47,000 feet and a flight Mach number of. -0.4, the acceleration time was 
reduced from 5.0 to 3.0 minutes, a reduction of 40 percent. Even this 
reduction is insufficient for combat aircraft; and other methods of 
assisting the engine acceleration, such as adjustable turbine- nozzle 
blades to increase turbine power at very low engine speeds, should be 
explored. . - - . .si 


Over-All Improvements in Altitude- Starting Limit 

The improvements in altitude-starting limits made possible by some 
of the techniques discussed in. this paper will be demonstrated by com- 
parison of the standard engine and final configuration altitude- starting 
limits. A comparison of standard and final engine configurations is 
presented in the following table; 



HAGA. m E52I03 


17 


Item 

Standard engine 
equlpnent 

Final engine 
eq-uipment 

Type of ignition 

Induction 

Capacitance 

Peak voltage, volts 

15,000 

10,000 

Sparks per second 

800 

i 

7 

Joules per spark 

0.02 

3.7 

(at spark gap) 

Spark plugs 

Champion F-19 

Opposed electrodes 

Spark-gap location 

3/4 in. inside 
combustor 

Center of combustor 

Fuel nozzles 

Duplex 

Simplex 

(5 gal/hr tips) 

Cross-fire-tube diameter 

7/8 in. 

2 in. 

Jet nozzle 

Fixed 

Variable 


The range of altitudes and flight Mach numbers over -which altitude 
starts could be obtained is sho-vm in figure 21 by the area shaded -with 
the parallel lines, -vrtille the large gains in altitude starting obtained 
by these alterations aj:e represented by the cross-hatched area. A 
maximum time of 1 minute vas selected (as in fig. 6) as the basis for 
the altitude- acceleration limit. At a flight Mach number of 0.4 the 
acceleration limit -vfas plotted for the engine with the Jet area increased 
by 40 percent, whlchindlcated an additional 7000-foot-altitude improve- 
ment as compared -with the original Jet-nozzle area. The flame- propagation 
limits are not indicated for the altered configuration, because filtltude 
starting was limited only by ignition and acceleration. Flame propagation 
was obtained at all altitudes at which ignition could be achieved. Ra-w- 
ever, high-altitude flame projagatlon could not be achie-ved with the fuel 
flow re<lulred for Ignition but required momentary throttling -to a lo-wer 
fuel flow. Finally, the da-fca of figure 21 show that the configuration 
changes produced appreciable gains in' the altitude- s-tarting limit. At 
0.6 flight Mach number the starting limit -was increased from 15,000 -to 

43.000 feet, a gain of 28,000 feetj while at a flight Mach n-umber of 0.8 
the altitude- starting limit was increased from about sea level to 

47.000 feet. 
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CONCLUDIIfG BEMARKS 

The present Investigation shows methods of improving the altitude - 
starting limits of a turbojet engine. At a flight Mach number of 0.6 
the altitude -starting limit of the production- type turbojet engine was 
Increased from 15,000 to 43,000 feet, and at a fli^t Mach number of 0.8 
the altitude limit was increased from about sea level to 47,000 feet. 

The improvements in altitude- starting limit required improvement in all 
three phases of the engine . start : (l) ignition of the combustors con- 

taining spark plugs, (s) propagation of flame throu^ the cross-fire 
tubes to ignite the remaining combustors, and (s) acceleration from wind- 
milling speed to a useful rotor speed. 

Of the many variables investigated, increasing the spark energy at 
the spark gap provided the greatest— gain in altitude-ignition limit . 
Replacing the engine ignition system Tdiich provided 0.02 Joule per spark 
and 800 sparks per second with a hi^-energy capacitance -type ignition 
system providing 3.7 Joiiles per spark at 7 sparks per second increased 
the altitude-ignition limit from 15,000 to 53; 000 feet at 0.6 flight 
Mach number and from sea level to 47,000 feet at 0.8 flight Mach nuniber. 
In order to obtain a hig^h energy at the spark* gap, it was necessary to 
replace the standard ignition harness ancLconnectors with a low- 
resistance cable and low-resistance connection to the spark plugs. It 
appears that emphasis on low-reslsteince ignition cables, on lowr 
resistance positive contact connectors, and on care to keep corona 
losses to a minimum is essential if the high energy from a capacitance 
discharge system is to reach and be dissipated at the spark-plug gap. 

The propagation of- flame from combiistors having spark plugs to the 
remaining combustors was limited in. the original engine to altitudes to 
30,000 feet. An increase in the cross-fire-tube diameter from 7/8 to 
2 inches Improved the flame- propagation ability to the extent that 
propagation could be obtained . at aiiy altitude at which ignition co^lld 
be obtained. Throttle manipulation, however, was sin Important factor 
in obtaining high- silt itude flame propsigation. 

Acceleration of the engine at high altitude without exceeding 
limiting turbine-outlet temperatures required excessive time intervals. 

At 47,000 feet sind a flight Jfa,ch number of 0.4, 5.0 minutes was required 
to accelerate the engine from windmilling speed to 75 percent of maximum 
speed. The use of a variable-area Jet nozzle to increase the nozzle 
area 40 percent during acceleration decreased the time required for 
acceleration from the 5.0-minute Interval to 3.0 minutes, a reduction 
of 40 percent. ■ 


Lewis Flight Propulsion Laboratory 

National. Advisory Committee for Aeronautics 
Cleveland, Ohio 
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TABLE I - EOERIMETrAL VA5IABLES 


variable Investigated 


Fuel tioxsle 


jThrottl 
I control 


Fuel I Ignition syst«n Spark plugs 




Fll^t coodltioiis 

Altitude Kacb 
(ft) nuaber 


Fuel volatility 


Fuel and air 
tenperatures 


Spark-gap lanierslon 
into coobuator 


Spark energy 


Variable-area { Varied 


Variable-area ^tairled 


Variable-area {Varied 


Simplex, 5 gal/^ Varied 
tips 


Spark-repetition rate Simplex^ 5 gal/hr Fixed 
and pover required for tlpa 

Ignition 

ConparlBon of tvo eapa- Slisplex, 5 gal/hr Fixed 
cltance-type xinits with tlpa 

different voltagea 


Fliebt Kach number 


Simplexi 5 gal/br Fixed 
tlpa 


MIL-f-5624 


and 1 lb 

300 sparks/aec 

Reid vapor 
pressure 

0.02 j/spsurk 

1 lb Reid 

Tndiifvtl rm — 

vapor 

800 sparks/sec 

pressure 

0.02 j/spark 

1 lb Reid 

Induction - 

vapor 

800 sperka/aec 

pressure 

0.02 ^/spark 

1 lb Held 

Hlgb^ftncsrgy 

vapor 

pressure 

capacitance 

1 Ib Held 

Ei^-energy 

vapor 

pressure 

capacitance 

1 lb Reid 

energy 

vapor 

unlta: 

preasxire 

10,000 T sparfc 

and 

1,000 V spark 

1 lb Beld 

Htgb-energy 

yapor 

capacitance 

proBBxare 

10,000 T 


Standard A.C. F-67 

Standard A.C. F-67 

A.C. F-67 with 
lengthened 
eleetrodea 
Opposed electrodes 

Opposed electrodes 


Opposed electrodes 
Standard A.C. F-IS 


Opposed electrodes 


propagation 


Croas-flre-tube dlaioeter 
(0.875 to Z.O In.) 

Variable- area 

Varied 

Croas-flre-tube location 

Variable -€krea 

Varied 

Fuel volatility 

Variable-area 

Varied 

Fuel atomization 
ebaracterlstles 

Variable-area 

Slaq>lex 

IXiplex 

Varied 

1 Engl 

Flight Kach number 
and altitude 

Simplex, 5 gal^W 
tips 

Varied 

Vaxdable-area e:daaust 

Sliq;^lex, 5 gal/hr 

Varied 

nozzle 

tips 



Opposed electrodes 50,000 - 

50,000 


Opposed electrodes 42,500 - 

55.000 

Standard A.C. F-67 50,000 - 0. 4-0.8 

40.000 


Standard A.C. F-67 45,000 

50,000 


vapor 

pressure 


vapor 

pressure 


capacitance 

10,000 V 


capacitance 

10,000 Y 
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TABLE XI - FUEL lUSEECTION DATA 


ASTM distillation D 86-46, °F 

Experimental 
1 potmd Reid 
vapor pressure 

Initial boiling point 
Percent evaporated 

181 

5 . 

242 

10 

271 

20 

300 

30 

319 

40 ‘ 

332 

50 : ■ 

351 

60 

365 

70 • 

381 

80 

403 

90 

441 

Final boiling point 

508 

Residue, percent 

1.0 

Loss, percent 

0.5 

Freezing point, °F 

-76 

Accelerated gum, mg/lOO ml 

5 

Air jet residue, mg/lOO ml 

2 

Aromatics, percent by volvime, silica gel 

5.70 

Specific gravity 

0.780 

Bromine number 

1.4 

Reid vapor pressure, Ib/sq in. 

1.0 

Hydrogen- carbon ratio 

0.170 

Net heat of combustion, Btu/lb 

18,690 



MIL-F-5624 
Grade JP-3 


124 

156 

180 

220 

252 

282 

312 

344 

378 

408 

447 

498 

1.0 

0.5 

-76 


0.760 


? 


6.2 

0.171 

18,720 
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Figure 3. - Schematic diagram of fuel system. 
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Peak cycle . 



(b) Hlfib -energy Tarla’bXo-aiBerldJjg-Teta oepacltenoe-type Igxiitioci aysten. 
Tt&ST9 4 . - SohOBAtlo of l^^tlon oysteoDB. 
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(b) Setup to calibrate grld-reslatanoo cbanse against beE^ter-ooll power consumption. 
Figure 5. - Schematic diagram of system used to determine spark energy. 
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Flight Mach number 


Figure 6. - Altitude-starting limits of standard turhojet engine. 
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Figure 7. - Effect of fuel volatility on altitude- Ignition limits of 

turtojet engine. 


Altlti 


Ignition ayat«m 0,02 800 eparlcs/eeo 

Spark plugs Opposed electrodes 

Spark electrode location ........ Center of oonibuBtor 

Spark gap . 0,17-0.18 in. 

Fuel nozzles 'Variatle-area 

Fuel 1 Ib/ag In, Held vapor presBure 

Throttle control Thried 

Flight Mach number 0.6 


Fuel temperature 
(op) 


-20 0 20 
Inlet-air temperature, °F 


Figure 8. - Fffect of engine Inlet-air and fuel tenqraratures on altitude- Ignition 

llajte of turbojet engine. 


NACA m E52I03 


Altitude, ft 


HACA EM E52I03 


31 



Figure 9. - Effect of spark-gap Immersion on altitude- Ignition 
limits of turljojet engine. 
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Figure 10. - Effect of spark energy on altltude-lgnttlon limits at flight Mach nvciher of 0.6 


NACA EM E52I03 



















Fewer required for ignition, w (j/seo) Spark energy, j/spark 


mCA EM E52I03 


Ignition system . . 
Spark plugs . . . . 
Spark-gap location 

Spaji-k gap 

Fuel nozzles . . . 

Fuel 

Throttle control . 
Flight Mach number 


.... Hl^-energy capacitance 

Opposed electrodes 

Center of combustor 

0.11 In. 

Simplex 

1 Ib/sq in. Eold vapor pressure 

Fixed 

0.6 


■ 







• • • 


• • ij 









0 Ignition 
□ No ignition 


B5 

■o 





Each symbol represents 
several attempts to 

ignite 


■ 












■ 



^ I 

a 

□ 

□ 

d 

-oo 






(a) Effect of sparfe-repetltion rate on spark- 


energy requirements. 



(h) Power required for Ignition at various spark 
energies . 


Figure 11. - Spark energy and power required for Ignition for various 

spark- repetition rates. 
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Figure 12. - Comparlacm of aatltuae-lgnltlou llmlta of consnarclal derelopment capacitance Ignition unit anl 

HACA capacitance unit. 
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■'i'lgure 13. - Effect of flight Mach manb6i*_on altitude- Ignition limit of turbojet 
engine using 10,000-volt capacitance Ignition unit. 
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Figure 15. - Effect of cross-fire-tube diameter on flame-propagation limits of 
turbojet engine with Tarlable-area fuel nozzles and standard cross-fire -tube 
location. 
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Figure 16. - Effect of cross-fire-tube location on flame-propagation limits of 
turbojet engine with 2 - Inch-d lame ter cross-fire tubes ani variable-area 
fuel nozzles. 
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Figure 17. - Effect of fuel volatility on flame limits of turbojet engine. 
Cross-fire-tube diameter, 7/8 inch; st 6 lndal^i engine location; varlable- 



Flgia:*e 18. - Effect of three types of fuel nozzle, on flame-propagation limits 

3 

of turbojet engine Tflth. l 0 - inch-diameter cross-fire tubes In standard 
location. 
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Figtire 19. - Effect of altitude on. time required to accelerate 
frcm wlndmllllng to 75-percent rated engine speed at several 
flight Mach numhers. Miazlmum allowable turbine -outlet tempera- 
ture, 1760° H. 
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Figure 20. - Effect of Jet-nozzle area on time rog_ulred to 
accelerate frcm -wlJKlmllling to 75- percent rated engine 
speed. Flight Mach numher. 0.4; maxlnnmi allowable turbine - 
outlet temperature, 1760° R. 
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Figure 21. - Ccsmparlson of altitude-starting llmlte of turbojet engine before and 
after alterations of ignition system, crose-f ire-tube diameter, and jet nozsle. 
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